Selective admission of guest molecules into microporous solids is the cornerstone of a range of key applications such as gas separation[@b1][@b2][@b3][@b4][@b5], storage[@b6][@b7] and recognition[@b8][@b9]. However, in many important cases the size difference between relevant molecules can be of order 0.1 Å (refs [@b10], [@b11]), and materials with the appropriately sized micropores necessary for discrimination are often very difficult to find[@b12]. If the accessibility of the micropores could be actively regulated by external stimuli, such as heat[@b13], light[@b14] or electrical field, the material\'s utility could be fundamentally enhanced. In 1959, Breck showed that at temperatures below 170 K, the admission of Ar and N~2~ molecules into 4A zeolite was dramatically reduced[@b15]. Recently, other microporous materials including molecular trapdoor zeolites[@b3][@b16][@b17] and certain metal-organic frameworks (MOFs)[@b13][@b18][@b19][@b20][@b21][@b22] have been reported to exhibit similar properties, with negligible N~2~ surface area at 77 K but considerable adsorption at ambient temperatures. Many other zeolites also exhibit such a pore-blocking effect towards inert gases including caesium chabazites[@b23], RHO[@b24][@b25] and K-KFI[@b26]. While observations of this phenomenon imply pore accessibility can be regulated by temperature, neither the underlying science nor the process by which this regulation occurs is fully understood.

To elucidate a mechanism by which the admission of guest molecules can be thermally regulated, this work presents experimental data and *ab initio* calculations that explain the phenomenon for several types of microporous materials including trapdoor zeolites, supramolecular hosts[@b27][@b28] and MOFs. Furthermore, a physical model is proposed to provide a quantitative description of temperature-regulated guest admission. Finally, we demonstrate a new application of this temperature-regulated gas admission phenomenon in which appreciable storage of H~2~ can be achieved without sustained external pressure via encapsulation within the material\'s pore space. Importantly, the amount of hydrogen encapsulated greatly exceeds the equilibrium adsorption capacity of the material at comparable conditions.

Results
=======

Experimental study of temperature-regulated guest admission
-----------------------------------------------------------

To exemplify the phenomenon of temperature-regulated guest admission, we show in [Fig. 1](#f1){ref-type="fig"} how pore accessibility can be abruptly and reversibly switched on/off across a narrow temperature range for four different guest molecules on a trapdoor[@b16] chabazite, **r2**KCHA (potassium chabazite with Si/Al ratio of 2.2). This material is a typical small-pore zeolite in which eight-membered oxygen rings (8MRs) govern the access of guest molecules to internal cavities ([Supplementary Figs 1 and 2](#S1){ref-type="supplementary-material"}). Geometrically, the 8MR is large enough for simple gas molecules such as H~2~ and Ar to pass through, but in trapdoor zeolites like **r2**KCHA, this access is blocked by large cations which occupy the energetically favourable site (SIII′) at the centre of the 8MR doorway[@b16][@b17], as exemplified by a low N~2~ surface area at 77 K, which for **r2**KCHA was 21 m^2^ g^−1^. A sharp transition in the pore accessibility with temperature is clearly apparent for **r2**KCHA in the uptake of H~2~, Ar, N~2~ and CH~4~ ([Fig. 1d](#f1){ref-type="fig"}). The ultra-low adsorption capacities observed for these molecules at 149, 197, 233 and 233 K, respectively, transition to considerable capacities with an increase of only 30--70 K. This is contrary to the normal dependence of physisorption capacity on temperature[@b29][@b30], as illustrated in [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}.

One popular hypothesis for temperature-dependent pore accessibility is thermal expansion of the pore size[@b31][@b32]. We excluded this possibility by *in situ* synchrotron powder X-ray diffraction (PXRD) measurements of **r2**KCHA ([Fig. 1b,c](#f1){ref-type="fig"}) over the temperature range of 213--363 K under vacuum and N~2~, respectively. The Rietveld refined PXRD data as detailed in [Supplementary Note 1](#S1){ref-type="supplementary-material"} and [Supplementary Tables 1 and 2](#S1){ref-type="supplementary-material"} show that while the accessible opening remained less than 1 Å, the 8MR diameter actually contracted slightly by 0.18 Å with increasing temperature. Such negligible negative thermal expansion is not uncommon in zeolites or other microporous materials[@b33][@b34]. Similarly, potential explanations based on restricted diffusion (kinetic) effects were excluded through adsorption rate measurements (detailed in [Supplementary Fig. 4](#S1){ref-type="supplementary-material"} and [Supplementary Note 2](#S1){ref-type="supplementary-material"}).

Another possible mechanism is the migration of the pore-keeping cation from the 8MR centre to a secondary stable site at sufficiently high temperatures above a threshold, as suggested by Shang *et al*.[@b16] for a caesium-exchanged chabazite. However, the PXRD data, which also resolved the locations of the extra-framework cations, eliminate this explanation in the case of **r2**KCHA. [Figure 1c](#f1){ref-type="fig"} shows that the favourable cation site SIII′ at the centre of the 8MR doorways remains fully occupied by K^+^ across the entire temperature range. Superficially this temperature-independent cation position suggests that the admission of N~2~ into the **r2**KCHA pores should remain negligible at least up to 363 K. The question then arises how H~2~, Ar, N~2~ and CH~4~ were admitted while the pore entrance was seemingly blocked.

*Ab initio* DFT studies of gas admission
----------------------------------------

We explored whether guest admission in **r2**KCHA is regulated by the temporary and reversible deviation of the pore-keeping K^+^ cation from the SIII′ site by calculating the associated potential energy surfaces using *ab initio* DFT (density functional theory). The admission process was simulated as consisting of two concurrent parts: the pore-keeping K^+^ cation deviates temporarily from the 8MR\'s centre (SIII′) as a result of an interaction with the guest molecule, which allows the guest molecule to pass through the transient opening in the 8MR doorway. Accordingly, the energy barrier (Δ*E*~total~) of this coupled gas admission process contains two interdependent components: Δ*E*~total~=Δ*E*~host~+Δ*E*~guest~, where Δ*E*~host~ accounts for the potential energy change of the cation\'s temporary deviation in the presence of a gas, and Δ*E*~guest~ is the potential energy barrier a guest molecule passing through the temporarily opened doorway must overcome, due to the cation and framework. We used an iterative method within the DFT calculations to capture the energy profiles associated with the simultaneous movement of the cation and the gas molecule ([Supplementary Note 3](#S1){ref-type="supplementary-material"}).

We identified that the transient deviation of the K^+^ cation follows the pathway from SIII′ to SIII ([Fig. 2](#f2){ref-type="fig"}), that is, from the centre of an 8MR to the site above the adjacent 4MR plane (see [Supplementary Figs 5--7](#S1){ref-type="supplementary-material"} for detailed justification). As illustrated in [Fig. 2a,b](#f2){ref-type="fig"}, if the cation deviated temporarily to the potential energy saddle point along the SIII′-to-SIII path, these guest molecules would have more than enough room to pass through the 8MR doorway; that is, the cation does not need to reach the secondary stable site SIII to admit guest molecules. By mapping Δ*E*~total~ in the presence of different guest molecules as a function of cation position along the SIII′-to-SIII pathway, we determined the minimum energy required for the admission of each gas. In all cases the minimum Δ*E*~total~ of the system was achieved before the cation deviation reached the saddle point in [Fig. 2a,b](#f2){ref-type="fig"}. Examples for Ar and CH~4~ are shown in [Fig. 2c,d](#f2){ref-type="fig"}, and Δ*E*~total~ for the four gases follows the order H~2~ (0.75 eV) \<Ar (1.16 eV) \<N~2~ (1.19 eV) \<CH~4~ (1.30 eV). The trajectories determined by DFT calculations ([Fig. 2e--h](#f2){ref-type="fig"}) clearly show that a partially opened 8MR doorway is sufficient for the admission of these molecules. However, they also illustrate that the deviation distance of the cation, that is, the opening of the doorway, is not necessarily proportional to the size of the guest molecule ([Fig. 2g,h](#f2){ref-type="fig"}), indicating that this guest admission process is not simply steric in nature.

GCMC calculated adsorption equilibrium
--------------------------------------

We conducted Grand Canonical Monte Carlo (GCMC) simulations to compute the equilibrium adsorption isotherms for CH~4~ and N~2~ on **r2**KCHA at all temperatures, using force field parameters derived from both experiment and literature[@b35][@b36]. A 3 × 3 × 3 supercell was built to take into account the temperature-dependent pore accessibility ([Supplementary Figs 8 and 9](#S1){ref-type="supplementary-material"}). Good agreement between the GCMC-calculated and experimentally measured adsorption capacities was achieved across the whole temperature range ([Supplementary Figs 10 and 11](#S1){ref-type="supplementary-material"}), including during the transition from accessible to inaccessible pores with decreasing temperature. More details about the determination of the simulation parameters are presented in [Supplementary Note 4](#S1){ref-type="supplementary-material"} and summarized in [Supplementary Tables 3--6](#S1){ref-type="supplementary-material"} (refs [@b37], [@b38]).

A quantitative model for regulated guest admission
--------------------------------------------------

To derive a physically based function able to describe the observed temperature dependence of the guest admission process, we start with a comparison between the minimum energy barrier Δ*E*~total~ and the thermal energy of the system. The system\'s thermal energy *E*~therm~ is the sum of the kinetic energy of the guest molecule interacting with the pore-keeping groups and the thermal vibrational energy of those groups in the framework of the regulated pores. A general expression for the mean thermal energy *Ē*~therm~ is (ref. [@b39]):

where *s* is the number of harmonic oscillators (or degrees of freedom) of the system, *k* is the Boltzmann constant and *c*(*T*, *v*) is a function of the absolute temperature *T* and the oscillators\' vibrational frequencies *v*. In systems of harmonic oscillators where the number of degrees of freedom is large (for example, 10^2^--10^3^ Da as for the pore-structures considered here) the energy distribution will be Gaussian[@b39][@b40]. Accordingly, the probability density distribution of their thermal energies, *E*~therm~, is:

Here *σ* is the standard deviation of the distribution function, representing its width in terms of energy. The cumulative probability that a given oscillator will admit a guest molecule is then:

Identifying the threshold temperature, *T*~0~, at which the system\'s mean thermal energy is equal to Δ*E*~total~, and substituting the expression for *Ē*~therm~ from [equation (1)](#eq1){ref-type="disp-formula"} into [equation (3)](#eq3){ref-type="disp-formula"} gives:

Drahos and Vékey suggest that below 1,000 K, both *c*(*T*, *υ*) and *σ* can be well approximated by linear functions of temperature[@b40]. Accordingly, the final analytical expression for the fraction of pore-keeping oscillators that allow guest molecule admission as a function of temperature is:

where *β* characterizes the width of the system-specific distribution in temperature. The product of *βT* in [equation (5)](#eq5){ref-type="disp-formula"} is the standard deviation of the cumulative distribution function, indicating that the width of the distribution is asymmetrical and broader at higher temperatures ([Supplementary Fig. 12](#S1){ref-type="supplementary-material"}).

This temperature-dependent distribution function for the accessibility of internal sites can be readily incorporated into a classical model of equilibrium adsorption capacity *Q*(*P*, *T*), such as Langmuir, Sips, Toth or BET[@b30], to enable a quantitative description of temperature-regulated guest admission:

Here *Q*(*P*, *T*) is the classical isotherm as a function of temperature and pressure. The pre-factor in square brackets contains the fraction of accessible adsorption sites determined by the temperature-dependent distribution function, Φ, together with the fraction of external surface sites and defects always available for adsorption, *ɛ*. For near-perfect adsorbent crystals with sufficiently large grain size *ɛ* will be negligible. Alternatively *ɛ* can be estimated through surface area analysis with specific gases. The fraction Φ can also be found from GCMC calculations.

We name the above method of describing the stimuli-dependent availability of adsorption sites as the LJM model, and accordingly LJM-Toth and LJM-Langmuir denote models ([Supplementary equations 2 and 3](#S1){ref-type="supplementary-material"}) for heterogeneous and homogeneous adsorption, respectively. The LJM model introduces only two new parameters, namely *T*~0~ and *β*, to describe the temperature dependence of the pore accessibility. All other parameters describing the adsorption occur within the classical isotherm equations. To determine *T*~0~ and *β* reliably, [equation (6)](#eq6){ref-type="disp-formula"} should be regressed to adsorption isotherms measured over a sufficiently wide temperature range spanning the material\'s transition from inaccessible to accessible pores. The physical significance of *T*~0~ and *β* was further established when it was found that including Φ into the GCMC calculations enabled accurate prediction of adsorption capacities measured in the transitional region. In principle, LJM models are compatible with ideal adsorbed solution theory[@b41] and other multicomponent isotherm models ([Supplementary Note 5](#S1){ref-type="supplementary-material"}) and can also be used to calculate the isosteric heat of adsorption ([Supplementary Fig. 13](#S1){ref-type="supplementary-material"})[@b42][@b43].

Demonstration for trapdoor zeolites
-----------------------------------

The LJM model was used to describe successfully the temperature-regulated admission of several non-polar guest species on three classes of microporous materials across ranges of at least 108 K. First, adsorption isotherms were measured for H~2~, Ar, N~2~ and CH~4~ on the molecular trapdoor zeolite **r2**KCHA, and regressed by the LJM-Langmuir model ([Fig. 3](#f3){ref-type="fig"}). The experimental, GCMC and LJM capacities are all in good agreement across the pore-accessible, transitional and pore-inaccessible regions. The quality of the fits to the data is high: for example, measurements of the **r2**KCHA---N~2~ system spanned 14 isotherms (195--343 K) over the pressure range of 1--120 kPa with 312 data points in total. Description of the eight N~2~ isotherms below 273 K would be impossible without the two LJM parameters. The regression had an *R*^2^=0.992 with all parameter values being physically meaningful. Similar results were obtained for the other three gases as shown in [Supplementary Table 7](#S1){ref-type="supplementary-material"}.

Correlating the experimentally determined *T*~0~ values with the DFT calculated energy barriers Δ*E*~total~ for the admission of H~2~, Ar, N~2~ and CH~4~ on **r2**KCHA produced a striking relationship. As shown in [Fig. 4a](#f4){ref-type="fig"}, *T*~0~ is linearly proportional to the square root of Δ*E*~total~. This relationship is consistent with the use of [equations (1)](#eq1){ref-type="disp-formula"}, [(3)](#eq3){ref-type="disp-formula"} and [(4)](#eq4){ref-type="disp-formula"} in the derivation of the LJM model and supports the interpretation of *T*~0~ as the temperature at which the mean thermal energy of the adsorption system reaches a threshold value sufficient to overcome the guest admission energy barrier Δ*E*~total~. Furthermore, the experimental *T*~0~ are proportional to the kinetic diameters[@b10][@b12] *d* of the guest molecules: in the context of the mechanism elucidated by the DFT results, this property will facilitate the design of tuneable molecular sieves and thermally gated membranes from zeolites. A third interesting correlation observed in the experimental data ([Fig. 4b--d](#f4){ref-type="fig"}) relates to the order of the distribution width *β* and the molecular mass of each guest species: H~2~ (30 K), CH~4~ (50 K), N~2~ (57 K) and Ar (118 K). This result has important implications for the potential use of temperature-regulated sieving to separate isotopes (for example, hydrogen-deuterium-tritium[@b44]).

Demonstration for calixarenes and MOFs
--------------------------------------

Calixarenes are typical supramolecular host materials composed of macro-cyclic polyphenols. The cyclic tetramer calix\[4\]arene has a stable basket conformation and is known to accommodate small guest molecules, such as CH~4~ and N~2~ (refs [@b27], [@b28]). Its host--guest inclusion complex formation has similar characteristics to physisorption. In this study, methane adsorption isotherms were measured on *p*-*t*-butylcalix\[4\]arene between 195 and 303 K at pressures up to 120 kPa ([Supplementary Fig. 18](#S1){ref-type="supplementary-material"}). The data were regressed successfully to the LJM-Langmuir model ([Fig. 5a](#f5){ref-type="fig"}), revealing a threshold temperature of 230 K for CH~4~ admission. The results can be interpreted in terms of the cooperative rotation of the *tert*-butyl groups producing a 'turnstile\' effect which regulates the admission of guests into the CX\[4\] cavity[@b45].

Adsorption data reported for a number of MOFs also exhibit the bell-shaped isobars characteristic of the temperature-dependent gas admission effect[@b13][@b20][@b22][@b46]. Interestingly, all these MOFs have pore-keeping groups responsive to temperature changes ([Supplementary Fig. 19](#S1){ref-type="supplementary-material"}). For example, adsorption capacity data have been presented for a porous coordination nanocage, CuTEI[@b13], the exterior of which is covered by turnstile-like triisopropylsilyl groups that regulate access to the nanocage. Regression of the LJM-Toth model to the 93 literature data collected between 113 and 273 K produced a reasonable fit ([Fig. 5b](#f5){ref-type="fig"}), with *T*~0~=145 K, suggesting a much smaller energy barrier for CH~4~ admission compared with CX\[4\]. This result highlights the importance of examining the possibility of temperature-dependent pore accessibility changes in 'designer\' microporous materials, especially those generated and screened purely by computer[@b13][@b47], to avoid substantial over-estimation of lower-temperature adsorption capacities.

Reversible hydrogen and methane encapsulation and release
---------------------------------------------------------

The storage of H~2~ and CH~4~ in porous media such as MOFs and carbons with large surface areas is a widely studied approach for achieving high volumetric energy density with relatively low regeneration cost. Common drawbacks of such approaches include the unavoidable use of thick-walled vessels to contain the high pressure and/or limited reversibility of the storage process[@b6][@b48]. The temperature-regulated guest admission mechanism identified here offers substantial potential for such applications because pre-dosed gas can be encapsulated and prevented from escaping by lowering the system temperature below *T*~0~. We explored this concept ([Fig. 6a](#f6){ref-type="fig"}) by dosing the **r2**KCHA trapdoor zeolite at ambient temperature with H~2~ at various pressures up to 10 MPa using a set up shown in [Supplementary Fig. 20](#S1){ref-type="supplementary-material"}. After quenching to cryogenic temperatures, the system was evacuated to remove all the free gaseous hydrogen, leaving only the hydrogen trapped inside the chabazite\'s intracrystal cavities. No H~2~ was evolved over an extended period under vacuum as long as the temperature remained well-below *T*~0~=170 K. The appreciable quantity of hydrogen stored at this low pressure and low temperature condition was then measured by returning the system to ambient temperature ([Fig. 6a](#f6){ref-type="fig"}) thereby completely releasing the stored H~2~. The cumulative amount of H~2~ evolved varied with the initial dosing pressure, which for 10 MPa amounted to about 0.95 wt%. This result demonstrates the ability to store physically substantial quantities of H~2~ in materials with temperature-regulated pore accessibility without sustained external pressure. The encapsulation capacity is proportional to the intracrystal pore volume as opposed to the surface area: in this example the H~2~ encapsulated was 30 times greater than the maximum adsorption capacity at the same storage temperature. These preliminary results suggest the possibility of storing 3--7 wt% H~2~ at ambient pressures by quenching a chabazite initially dosed at ambient temperature to 70--250 MPa ([Supplementary Note 6](#S1){ref-type="supplementary-material"} and [Supplementary Fig. 21](#S1){ref-type="supplementary-material"}). A potential deployment method for the on-board fuel gas storage via gas encapsulation has been exemplified in [Supplementary Fig. 22](#S1){ref-type="supplementary-material"}. The encapsulation temperature could be elevated to near ambient by using heavier door-keeping cations, for example, Rb^+^, while the storage capacity could be increased by designing a composite material with a high porosity core and a trapdoor shell. [Figure 6b](#f6){ref-type="fig"} also shows the controlled release of H~2~ through the manipulation of system temperature, thereby enabling a nano-regulator for molecular transport. The encapsulation/decapsulation of CH~4~ was also demonstrated with trapdoor **r2**KCHA and supramolecular *p*-*t*-butylcalix\[4\]arene and visualized by igniting the CH~4~ being evolved from the materials, generating a sustained or abrupt flame, respectively ([Supplementary Movies 1 and 2](#S1){ref-type="supplementary-material"}).

Discussion
==========

We have elucidated a mechanism for the important but poorly understood phenomenon of temperature-regulated guest admission in several typical microporous materials. Such admission processes involve the temporary and reversible displacement of a pore-blocking group as a result of interactions with the guest molecule. The adsorption model developed here to describe the dependence of guest admission on temperature for four gases on three classes of materials allows for robust quantification of this effect, which has not been possible to date. The variation in the admission threshold temperature with the guest\'s size offers new opportunities for thermo-regulated sieving applications. Similarly, the dependence in the width of the pore accessibility distribution on the guest\'s molecular mass has the potential to enable sophisticated gas sensing and separation processes. With the trapdoor zeolite, we also demonstrated the ability to physically encapsulate and store appreciable amounts of H~2~ and CH~4~ without sustained external pressure, and the ability to regulate its release by thermally controlled decapsulation. These findings should help illuminate new paths for gas and energy storage by molecular encapsulation.

Methods
=======

Synthesis of microporous samples
--------------------------------

Chabazite with Si/Al ratio of 2.2 was synthesized from zeolite Y following the reported method[@b16], and then ion exchanged to the potassium form with a typical procedure: 5 g of chabazite in 200 ml of 1 M KCl was refluxed at 343 K under stirring for 24 h, followed by filtration and washing with deionized water 2--3 times. The above ion exchange procedure was repeated twice to obtain fully exchanged potassium chabazite (labelled as **r2**KCHA). *p*-*t*-butylcalix\[4\]arene was synthesized according to the reported procedure[@b27][@b28]. After the synthesis, the sample was heated under vacuum at 140 °C for 24 h to completely remove any possible entrapped solvent toluene from the calixarene cavity, ensuring it was vacant. The sample was sublimed at 280 °C under vacuum to give the final product used in the analysis[@b49].

Sample characterization
-----------------------

The species of inorganic ions and Si/Al ratios of the chabazites were determined by inductively coupled plasma-mass spectroscopy. For *in situ* synchrotron PXRD experiments, the zeolite powder was degassed on Micromeritics ASAP 2010 (623 K for 12 h below 1 Pa), transferred to a 0.7 mm quartz capillary, and sealed in an Ar glove bag. Then the capillary was decanted at one end and mounted on the synchrotron PXRD machine with the open end being connected to vacuum/gas line. Before the experiments, the sample was re-degassed *in situ*, followed by cooling to 213 K. For the scans under vacuum, the sample was heated from 213 to 363 K at 5 K min^−1^, during which XRD data were collected at a series of temperature points; the sample was held at each set point for 60 s before scanning for 600 s. For the scans in N~2~, a similar procedure was adopted and the only difference is that N~2~ was dosed into the capillary slowly to 1 bar at 423 K before cooling to 213 K and the N~2~ pressure was kept at 1 bar. N~2~ was introduced at a relatively high temperature to assure the gas was admitted and the behaviour of the zeolite sample truly reflected the presence of the gas. A Mythen-II detector was used for data collection with a X-ray wavelength of 0.5894 Å for all zeolites.

The purity of *p*-*t*-butylcalix\[4\]arene was verified by nuclear magnetic resonance ([Supplementary Figs 23 and 24](#S1){ref-type="supplementary-material"}) and high performance liquid chromatography, and no impurities were detected by either technique. The crystal structure of the *p*-*t*-butylcalix\[4\]arene was also identified by synchrotron PXRD with an X-ray wavelength of 0.77502 Å ([Supplementary Fig. 25](#S1){ref-type="supplementary-material"}).

Gas adsorption measurements
---------------------------

Before the isotherm measurements, the samples were thoroughly dehydrated and degassed by heating stepwise to 413 K for *p*-*t*-butylcalix\[4\]arene and 623 K for **r2**KCHA under high vacuum overnight on a Micromeritics ASAP2010/2020 analyser. After degas the samples were cooled to room temperature and backfilled with He. Adsorption isotherms on **r2**KCHA were measured in the temperature range of 77--343 K for N~2~, 77--303 K for H~2~, 197--305 K for Ar and 195--353 K for CH~4~ and at pressures up to 120 kPa. Temperatures of 77 and 195 K were achieved with liquid nitrogen and ethanol-dry ice baths, respectively. Other non-standard cryogenic temperatures below 243 K were achieved using a solid--liquid thermostatic bath of water--ethanol in different ratios. CH~4~ isotherms on *p*-*t*-butylcalix\[4\]arene were measured in the temperature range from 195 to 323 K. The rate of adsorption of CH~4~ on **r2**KCHA was measured at 333, 279 and 195 K using the reported procedure and equipment[@b50], representing the fully pore accessible, transitional and pore inaccessible temperature ranges, respectively.

Density functional theory calculations
--------------------------------------

*Ab initio* DFT calculations were employed to determine the energy barriers associated with the guest admission process as well as the snapshots of the trajectories of the gas molecules and the door-keeping cations in **r2**KCHA. The Vienna *Ab initio* Simulation Package[@b51] was used with the projector augmented waves approach[@b52] and the dispersion-corrected DFT-D3 functional[@b53].

Grand Canonical Monte Carlo calculations
----------------------------------------

Adsorption isotherms for CH~4~ and N~2~ at all temperatures were computed by the GCMC method using the RASPA software[@b35][@b36]. The structures of the trapdoor **r2**KCHA determined from synchrotron PXRD experiments were used to construct the molecular model for GCMC. A 3 × 3 × 3 supercell was built to calculate adsorption equilibria for blocked pores. See [Supplementary Note 4](#S1){ref-type="supplementary-material"} for simulation details, and the Crystallographic Information Files of a cubic unit cell and the supercell appended separately.

Hydrogen and methane encapsulation
----------------------------------

The experimental procedure illustrated in [Fig. 6a](#f6){ref-type="fig"} used 5.93 g of **r2**KCHA with dosing and quenching temperatures of 323 and 77 K, respectively. The setup for conducting the reversible hydrogen encapsulation and decapsulation experiment is detailed in [Supplementary Fig. 20](#S1){ref-type="supplementary-material"}. No activation or degas was needed between repeated cycles. In a similar setup, the encapsulation/decapsulation of methane with both **r2**KCHA (6.06 g) and *p*-*t*-butylcalix\[4\]arene (3.27 g) was demonstrated by igniting the CH~4~ evolved ([Supplementary Movies 1 and 2](#S1){ref-type="supplementary-material"}).

Data availability
-----------------

All data generated or analysed during this study are included in this published article (and its [Supplementary Information Files](#S1){ref-type="supplementary-material"}). The Crystallographic Information File data are available in the Dryad Digital Repository <http://datadryad.org/> via doi:10.5061/dryad.2426m.
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![Paradox of non-polar gas molecule admission through the apparently blocked pores of a potassium chabazite.\
(**a**) Illustration of the structure of an ideal potassium chabazite crystal, highlighting the eight-membered oxygen ring (8MR) which sets the nominal pore aperture diameter to be 3.8 Å (distance between opposing oxygen atoms). The centre of the 8MR pore aperture (cation site SIII′) is occupied by the potassium cation, reducing the nominal accessible pore aperture to 0.6 Å, as determined from the Synchrotron PXRD data. (**b**) Rietveld refinement of a representative Synchrotron PXRD pattern for trapdoor potassium chabazite with a Si/Al ratio of 2.2 (**r2**KCHA). (**c**) Left axis: fractional occupancy of SIII′ sites by K^+^ cations indicating blockage of 8MR pores over the experimental temperature range. Estimated uncertainty 1.5%. Right axis: evolution of the 8MR dimensions D1, D2 and D3 (inset) of **r2**KCHA suggesting pore contraction with increasing temperature, ruling out the possibility of thermally induced pore dilation. 0.3% uncertainty. (**d**) Adsorption isotherms for hydrogen, argon, nitrogen and methane, respectively, on **r2**KCHA showing restricted pore accessibility at low temperatures (crossed blue symbols) but no restriction at high temperatures (red open symbols), and comparison with GCMC calculated equilibrium capacities (lines) for nitrogen and methane.](ncomms15777-f1){#f1}

![Atomic picture of the guest admission process through the cation-kept pores in potassium chabazite.\
(**a**) Energy profile for the deviation of the potassium cation following the SIII′-to-SIII path. (**b**) The position of the saddle point relative to the original cation site SIII′, which if reached would completely unblock the 8MR doorway to incoming guests. (**c**,**d**) Examples of DFT-calculated energy barriers experienced by the door-keeping cation of the host zeolite, the interacting guest molecule (**c**, argon and **d**, methane, respectively) and their sum as a function of cation position. With the increasing deviation there is a trade-off between the increase in the cation\'s potential energy and a decrease in the potential energy barrier experienced by the guest molecule. (**e**--**h**) Total energy barriers and trajectories for the admission of guest molecules H~2~, Ar, N~2~ and CH~4~, respectively. Higher energy barriers must be overcome for the admission of larger guest molecules; however, larger molecules do not necessarily require the cation\'s deviation to be greater in extent because there are two (guest and host) contributions to the total energy barrier.](ncomms15777-f2){#f2}

![Representative adsorption isobars for four gases on the potassium chabazite.\
Experimentally measured data together with the GCMC calculations and a demonstration of the LJM model\'s ability to quantify the effect of temperature-regulated guest admission. (**a**) H~2~ at 11 different temperatures; (**b**) Ar at 7 temperatures; (**c**) N~2~ at 14 temperatures; (**d**) CH~4~ at 13 temperatures. Only 1/6^th^ of the isobar data points measured and used in the regression are shown here for clarity. Full isotherm/isobar data across the experimental pressure range 2--120 kPa can be found in [Supplementary Figs 14--17](#S1){ref-type="supplementary-material"}. The full set of N~2~ and CH~4~ GCMC calculations are presented in [Supplementary Figs 10 and 11](#S1){ref-type="supplementary-material"}. Solid symbols denote experimental data, hollow symbols represent the GCMC calculated capacities, and solid curves correspond to the LJM-Langmuir model. The dotted lines represent the threshold admission temperature *T*~0~ determined using the LJM model.](ncomms15777-f3){#f3}

![Physical significance of the temperature-regulated guest admission model parameters.\
(**a**) Left axis: Linear correlation between the square root of the total energy barrier Δ*E*~total~ and the threshold guest admission temperature *T*~0~, indicating a consistency between the DFT calculations, framework used to derive the LJM model, and the experimental data. Right axis: linear relationship between *T*~0~ and the apparent pore size of **r2**KCHA based on the guest molecule\'s kinetic diameter[@b10][@b12]. (**b**) Accessibility of adsorption sites as a function of temperature for guest molecules of H~2~, CH~4~, N~2~ and Ar as calculated by in [equation (6)](#eq6){ref-type="disp-formula"}. The lower and upper cut-offs are 0.1 and 99.9% of the accessibility of the internal sites, respectively, and the initial value of the curve represents the fraction of external sites *ɛ*. (**c**) Corresponding differential site accessibility for the four different guest molecules on **r2**KCHA. (**d**) Corresponding width of the transitional temperature range (as characterized by *β* in the LJM model) for the admission of different guest species, showing heavier molecules tend to have larger distribution widths.](ncomms15777-f4){#f4}

![Demonstration of temperature regulated guest admission on supramolecular hosts and MOFs.\
(**a**) Typical bell-shaped isobars for the adsorption of CH~4~ on *p*-*t*-butylcalix\[4\]arene showing good agreement between the experimental data (points) and the LJM model (solid curves). A threshold admission temperature of 230 K was determined by the model\'s regression. Inset: molecular structure of *p*-*t*-butylcalix\[4\]arene showing the accessibility of its basket-shaped cavity is kept by four thermally responsive *t*-butyl groups. (**b**) Representative adsorption isobars for CH~4~ on CuTEI, a MOF nanocage whose ligand 5-((triisopropylsilyl)ethynyl)isophthalic acid (TEI) provides a turnstile-type configuration. Symbols denote experimental data, solid curves the fitting by LJM-Toth model, and dashed curves the inevitable overestimation of the guest uptake using conventional physisorption models. Inset: illustration of the turnstile type pore keeping group in CuTEI (the cage structure of the CuTEI was adapted from Fig. 1 in *Chem. Commun*. **46,** 7352--7354 (2010) with permission from The Royal Society of Chemistry). For clarity, less than 1/5^th^ of the data points used in the regression are presented in **a**,**b**. The full data set is available in the [Supplementary Table 8](#S1){ref-type="supplementary-material"}.](ncomms15777-f5){#f5}

![Physical storage of H~2~ by encapsulation without sustained external pressure.\
(**a**) Four-step procedure for reversible encapsulation and decapsulation of H~2~ in materials with temperature-regulated guest admission: (1) At temperatures above the threshold, *T*~0~, high-pressure dosing is used to store a significant quantity of H~2~ within the material\'s pore volume. (2) The material is quenched to below *T*~0~ so the door-keeping group closes off access between the pore space and the environment. (3) H~2~ remains encapsulated inside the material\'s pore space even when the external pressure is replaced with a vacuum as long as the temperature is below *T*~0~. (4) Controlled decapsulation of the gas into the low pressure environment is achieved by bringing the system temperature above *T*~0~, with the cumulative amount evolved providing a measure of the initial storage. This storage and release cycle is fully reversible and regulated by heat transfer. (**b**) Measured amount of H~2~ decapsulated from **r2**KCHA during step (4) as a function of system re-heating temperature after dosing with different initial pressures. Inset: cyclical performance of H~2~ encapsulated at a dosing pressure of 10 MPa by following the above four-step procedure across five consecutive experiments, showing steady and repeatable H~2~ storage capacity (see [Supplementary Table 9](#S1){ref-type="supplementary-material"} for detailed data).](ncomms15777-f6){#f6}
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